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1150Objectives: Thoracoscopic lobectomy has a vaguely defined learning curve for competency, whereas the
development of proficiency has not been evaluated. We compared learning curves for 2 surgeons experienced
in open lobectomy to define the learning process for thoracoscopic lobectomy.
Methods: The first 200 patients who underwent thoracoscopic lobectomy by 1 senior surgeon at 2 different
institutions were evaluated. Data were abstracted from prospectively maintained databases. Learning curves
were evaluated for operative time, blood loss, and postoperative length of stay by assessing elements of
proficiency: efficiency (defined as decreasing values for these variables, assessed by Change-Point Analysis)
and consistency (defined as the absence of outliers, evaluated by moving average). Conversion to open rates
and complication rates were assessed.
Results: Surgeon A’s patients were younger than Surgeon B’s patients (57.4 vs 66.0 years; P<.001) and had
fewer medical comorbidities. For Surgeons A and B, operation time (mean, 178 vs 180 minutes) efficiency
was achieved at 157 and 108 cases, respectively, and blood loss (mean 181 vs 178 mL) efficiency was achieved
at 126 and 139 cases, respectively. Conversion to open rates decreased between the first and second halves of
the study (P< .001) despite expanding anatomic indications for a video-assisted thoracic surgery approach.
Consistency was not reliably achieved for either surgeon for operating time or blood loss. Postoperative length
of stay and complication rates did not change for either surgeon.
Conclusions: The learning curves for video-assisted thoracoscopic lobectomy were similar for both
surgeons. Between 100 and 200 cases are required to achieve efficiency, and consistency requires even
more cases. (J Thorac Cardiovasc Surg 2014;147:1150-4)Competence is the benchmark by which physicians
are permitted to perform procedures independently.
Developing competence in a complex operation entails
performing a sufficient number of procedures to demon-
strate consistent safety and efficacy. For minimally
invasive lobectomy, this appears to require a minimum of
20 to 30 cases, with estimates as high as 50 operations.1-4
Progressing to proficiency in a complex procedure
not only necessitates substantial additional operative
experience but also requires a qualitative leap in
knowledge and performance.5 Two measures that charac-
terize proficiency are efficiency and consistency. The
learning curves that describe the achievement of proficiency
are likely to be different than those for developing
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The Journal of Thoracic and Cardiovascular SurDetermining the time and case number required to attain
procedural proficiency is important for many reasons.When
feasible, newly trained surgeons should be mentored until
they demonstrate skills and outcomes that exceed those
required for competency, and the time and manpower
needed for such supervision need to be appropriately
allocated. It is possible that medical–legal risk exposure
and associated malpractice payments ultimately might be
assessed on the basis of level of expertise, and knowledge
of the duration of increased risk would help correctly
apportion individual contributions. Understanding the
time and caseload required to develop proficiency permits
assessment of whether simulation or intense mentorship is
able to shorten the duration of the learning curve.
We studied learning curves for video-assisted thoracic
surgery (VATS) lobectomy to determine how long it takes
to achieve proficiency by analyzing both intraoperative
and postoperative factors for efficiency and consistency.
We also assessed whether developing efficiency and
consistency require similar time frames.MATERIALS AND METHODS
The first 200 patients who underwent planned VATS lung resection by
each of 2 senior surgeons at different institutions were evaluated. Major
lung resections performed using an open thoracotomy alsowere catalogued
for the same time period. Both surgeons had extensive prior experience
with VATS before they began doing VATS lung resections and hadgery c April 2014
Abbreviations and Acronyms
CUSUM ¼ cumulative sum
EBL ¼ estimated blood loss
VATS ¼ video-assisted thoracic surgery
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in the VATS analysis who had surgery for benign or malignant lung disease.
Patients were excluded who underwent concomitant chest wall resection
via VATS or robotic-assisted VATS. VATS lung resection was defined as
lobectomy. VATS lung resection was performed using a 3-incision
approach, including 2 ports and an access incision up to 5 cm in length,
without rib spreading, with or without lymph node dissection as
appropriate for the underlying disease.
Data were abstracted from prospectively maintained and internal
review board–approved databases. Patient consent for this study was
waived. Patient demographics and preoperative clinical factors were
identified. Intraoperative data and details regarding the pathology specimen
were collected. Conversion to an open procedurewas defined as emergency
or elective thoracotomy, regardless of length and that included rib
spreading, during the VATS procedure. Pathologic staging,6 postoperative
length of stay, and postoperative complications were analyzed. Operating
time was defined as the time from incision to the time of skin closure.
Estimated blood loss (EBL) was based on estimates by the surgeon
and anesthesiologist. Postoperative complication data were collected
from the hospital record prospectively and categorized as pulmonary
(pneumonia, prolonged postoperative intubation, reintubation, lung
collapse requiring bronchoscopy, acute respiratory distress syndrome),
cardiovascular (pulmonary embolism, myocardial infarction, arrhythmia
requiring intervention), and other. Operative mortality was defined as death
occurring during hospitalization for lung surgery or within 30 days of the
operation.
Statistical analyses were performed using Statistical Product and
Service Solutions version 13.0 (SPSS Inc, Chicago, Ill). Continuous
variables are reported as mean and standard deviation, and categoric
variables are reported as frequency and proportion. Chi-square analysis
or the Fisher exact test was used to assess differences in categoric data,
and the t test or Wilcoxon rank test was used to assess the differences
between continuous variables. The changes in operative times, EBL, and
length of stay were assessed using Change-Point Analysis (Taylor
Enterprises, Inc, Libertyville, Ill) with bootstrapping (1000 bootstraps)
for evaluation of efficiency. Change-Point Analysis is a variant of
cumulative sum (CUSUM) analysis that was developed to detect significant
changes in time series data. For interpretation of graphic representations,
values on the upward slope of a Change-Point curve tend to be greater
than average, and values on the downward slope of a curve tend to be
less than average. Analysis was also performed with the moving average
technique to assess consistency by identifying outliers, using means and
standard deviations of data for the last 50 patients of each surgeon as the
limits to which the data were compared. The sample size and moving
average length were both set at 10, resulting in 20 sampled intervals for
the 200 patients, and outliers were identified that were greater than 1
standard deviation from the mean.
RESULTS
A total of 400 patients were evaluated for this study. Sur-
geon A began performing VATS lobectomy in September
2006 and completed 200 attempted cases by May 2010,
an interval of 43.2 months. Surgeon B began performing
VATS lobectomy in March 2007 and completed 200
attempted cases by October 2012, an interval of 68.6The Journal of Thoracic and Carmonths. Patient characteristics are listed in Table 1. The pa-
tient populations differed in a number of characteristics,
including age, gender, and medical comorbidities. There
were no differences between the groups in performance
status or baseline lung function.
Surgical outcomes are listed in Table 2. There were
similarities in types of operations, operative times, and
surgical blood loss. Resection was performed more often
for cancer by Surgeon B, and those operations were more
often performed for earlier-stage disease. Clinical tumor
size was similar for both surgeons. Length of stay was
longer for Surgeon A. Conversion and incidence of
complications were more common for Surgeon B. Surgeon
A’s conversion rates were 7% and 1% in the first and
second halves of the study, respectively (P ¼ .03), and
Surgeon B’s conversion rates were 19% and 4%,
respectively (P ¼ .001). Complication rates for Surgeon
A (7% and 11%, P ¼ .32) and Surgeon B (28% and
20%, P ¼ .19) were similar for both periods.
We grouped VATS and open cases by VATS 50-case
intervals to examine whether surgeon selection of cases
changed over the period of study (Table 3). The percentage
of VATS cases pathologically staged greater than I or II
increased significantly during the period of study. Tumor
diameter trended upward during the period of study, but
the differences did not reach statistical significance. Open
cases performed during the study period (158) were
classified according to indication as reoperation (21),
induction chemoradiotherapy (26), robotic resection (4),
and anatomy (central location, tumor size, extent of
nodal involvement, suspected mediastinal or chest wall
involvement, pneumonectomy; 107). The percent of cases
performed open because of anatomic causes significantly
decreased during the study period.
Change-Point analysis demonstrated that the inflection
point for operating time for Surgeon A occurred at patient
157 (99% confidence; case numbers 128-173), and the
primary inflection point for Surgeon B occurred at patient
108 (100% confidence; case numbers 90-120; Figure 1).
For EBL, the inflection point for Surgeon A occurred at
patient 126 (100% confidence; case numbers 96-148),
whereas for Surgeon B the primary inflection point occurred
at patient 139 (100% confidence; case numbers 132-153).
We grouped cases by 2-month time intervals to investi-
gate whether the time interval or case number is more
important in reaching a Change-Point. The inflection point
for operating time for Surgeon A occurred at time interval
19 (99% confidence; time intervals 17-20), at which point
Surgeon A had performed approximately 160 cases. In
comparison, the primary inflection point for operating
time for Surgeon B occurred at time interval 20 (100%
confidence; time intervals 17-21), at which time Surgeon
B had performed approximately 110 cases. Inflection points
for EBL were at time interval 17 (130 cases) for Surgeondiovascular Surgery c Volume 147, Number 4 1151
TABLE 1. Characteristics of patients undergoing attempted video-
assisted thoracoscopic lobectomy
Variable Surgeon A Surgeon B P value Overall
Age (y) 57.3  13.8 65.9  11.0 <.001 61.6  13.2
Male sex 99 (49.5) 77 (38.5) .027 176 (44.0)
Obese
(BMI>30 kg/m2)
10 (5.0) 55 (27.5) <.001 65 (16.3)
Underweight
(BMI<18.5 kg/m2)
7 (3.5) 5 (2.5) .56 12 (3.0)
Ever smoker 64 (32.0) 161 (80.5) <.001 225 (56.3)
Diabetes mellitus 20 (10.0) 7 (18.5) .015 57 (14.3)
Serum creatinine
(mg/dL)
0.85  0.20 0.97  0.65 .016 0.91  0.48
Hypertension 50 (25.0) 102 (51.0) <.001 152 (38.0)
Coronary artery disease 16 (8.0) 35 (17.5) .004 51 (15.8)
PS 0-1 198 (99.0) 195 (97.5) .25 393 (98.3)
FEV1% 93.1  16.8 91.0  23.4 .32 92.0  20.6
DLCO% 84.1  14.9 86.3  22.7 .25 85.3  19.4
Continuous data are expressed as mean  standard deviation. Values in parentheses
represent percentages for categoric data. BMI, Body mass index; DLCO%, diffusing
capacity for carbon monoxide expressed as a percent predicted; FEV1%, forced
expiratory volume during the first second expressed as a percent predicted;
PS, performance status.
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Hospital length of stay did not change during the study
period for either surgeon.
Moving average analyses demonstrated that consistency
for operating time occurred by the 18th sampled case
interval for both surgeons (Figure 2). EBL did not reach
consistency for Surgeon A by the end of the sample period
and demonstrated consistency for surgeon B by the 18th
sampled case interval. Hospital length of stay, in contrast,TABLE 2. Operative and outcomes data for patients undergoing
attempted video-assisted thoracoscopic lobectomy
Variable Surgeon A Surgeon B
P
value Overall
Right side resection 115 (57.5) 99 (49.5) .11 214 (53.5)
Upper lobe resection 96 (48.0) 12 (56.0) .11 208 (52)
Conversion to open 8 (4.0) 24 (12.0) .003 32 (8.0)
Operation time 178.7  52.4 180.1  49.1 .79 179.4  50.7
EBL (mL) 181.0  145.0 178.0  358.0 .91 179.4  272.9
Pulmonary
complications
10 (5.0) 21 (10.5) .04 31 (7.8)
Cardiovascular
complications
6 (3.0) 25 (12.5) <.001 31 (7.8)
Any complications 18 (9.0) 48 (24.0) <.001 66 (16.5)
Mortality 1 (0.5) 4 (2.0) .18 5 (1.3)
Length of stay (d) 9.8  3.9 4.5  3.4 <.001 7.2  4.5
Resection for cancer 134 (67.0) 175 (87.5) <.001 309 (77.3)
Tumor diameter
(radiographic; mm)
27.1  19.4 25.0  13.6 .25 26.0  16.7
Tumor stage I or II 108 (77.1) 168 (94.4) <.001 276 (86.8)
Continuous data are expressed as mean  standard deviation. Values in parentheses
represent percentages for categoric data. EBL, Estimated blood loss.
1152 The Journal of Thoracic and Cardiovascular Surwas within the 1 standard deviation limit for both surgeons
for almost the entire observation period.
DISCUSSION
The degree of procedural expertise exhibited by a trainee
or practicing physician is often difficult to categorize. In the
United States, certifying organizations typically require that
physicians demonstrate ‘‘competence’’ in a specialty area
to qualify to practice in that area. From a procedural
perspective, ‘‘competent’’ indicates that the physician has
the ability to perform a procedure safely and effectively.
This is a minimum standard; certainly most patients hope
that their physicians possess greater expertise in procedural
skills. Greater expertise indicates that the physician has
gained additional experience, learned how to avoid
common errors, and developed resiliency in the face of
unexpected challenges or events during the perioperative
period. This leads to integrated understanding of clinical
and technical challenges and improved situational
awareness, which permit both analytic and intuitive
decision-making. When compared with a ‘‘competent’’
performer, one who is ‘‘proficient’’ will demonstrate, in
addition to safety and efficacy, both efficiency and
consistency.
In this study evaluating the development of proficiency in
VATS lobectomy, CUSUM analysis was used to evaluate
efficiency. Efficiency was defined as refining performance
to decrease operating time, EBL, and hospital stay. We
found that efficiency was achieved at different points for
operating time and EBL, and no efficiency was achieved
for length of stay. In evaluating whether case number or
the relative frequency of cases was the dominant factor in
achieving efficiency, we obtained mixed results. Both
surgeons achieved efficiency in operating time at almost
the same time interval, which represented 30% fewer cases
for Surgeon B than for Surgeon A. This suggested that time
interval rather than case frequency or case volumewas more
important. In contrast, efficiency in EBL was achieved by
the 2 surgeons 14 weeks apart, but required similar case
numbers for both surgeons. This suggests that case number
is more important than time interval for attaining efficiency
in EBL. It is possible that different learning curves and
determinants of efficiency are applicable to these different
end points.
Another measure of proficiency in performing an
operation is consistency, which was evaluated using the
moving average method. For our study, consistency was
defined as eliminating outliers in terms of operating time,
EBL, hospital length of stay, and conversion rates.
Consistency in operating time seemed to develop just at
the end of the study period. In contrast, consistency was
not reliably achieved for EBL during the study period.
This should not be surprising, because VATS is associated
with an increased risk of complications compared withgery c April 2014
TABLE 3. Evolution of indications for video-assisted thoracoscopic lobectomy over time
Variable First 50 cases Second 50 cases Third 50 cases Fourth 50 cases P value
Stages III-IV 7 6 14 15 .047
Tumor diameter on CT (mm) 23.6  11.9 24.5  13.4 27.7  21.1 28.2  18.5 .186
Pathologic tumor diameter (mm) 23.3  12.3 23.9  13.9 24.4  17.7 26.1  18.3 .705
Open resections because of anatomy 50 31 15 11 <.001
Case categories are listed for each surgeon; each column represents 100 total cases. Continuous data are expressed as mean  standard deviation. CT, Computed tomography.
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have not been etiologically related to surgeon experience.
Hospital length of stay did not change appreciably during
the study period, and so consistency was achieved for that
measure.
The number of conversions required to successfully
complete a lobectomy is one measure of surgical quality.
Conversion rates were significantly reduced for both
surgeons during the second half of the study, indicating an
improved ability to avoid and manage problems, which is
a sign of resiliency. This change occurred over a time period
during which VATS case selection criteria evolved as
evidenced by increasing tumor diameter and cancer stage,
and by an increasing willingness to perform VATS
resections in patients with anatomically more challenging
tumors. Complication rates did not change during the study
period, indicating that overall quality remained stable
during a time when efficiency and possibly consistency
were achieved.
The time frame for achieving proficiency in surgery has
not been extensively studied. One report that evaluated
proficiency in hand-assisted laparoscopic colon and rectalFIGURE 1. Change-Point Analysis of operating time for Surgeons A
(top) and B (bottom). An upward slope (lighter background) indicates
that values were generally greater than the mean for the group, and a down-
ward slope (darker background) indicates that values were generally less
than the mean for the group. CUSUM, Cumulative sum.
The Journal of Thoracic and Carsurgery identified a change-point in operative time at 105
and 108 cases for each of 2 surgeons, which is similar to
our findings for VATS lobectomy.9 CUSUM analysis has
been used to investigate the learning curve for outcomes
for paraesophageal hiatal hernia repair, demonstrating that
the inflection point for recurrence occurred at case 18.10
Although some of the statistical techniques used in
evaluating hernia repair were similar to those in the present
study, the outcome in the hernia study was a measure of
efficacy/competence rather than proficiency, and the results
compare closely with other estimates of case numbers
needed to achieve competence. Other evaluations indicate
that there is a continued decrease in operating time asFIGURE 2. Moving average illustration of operating time for Surgeons A
(top) and B (bottom). Values represented by squares indicate that at least 1
measurement during the period was greater than 1 standard deviation from
themean.Meanvalues were calculated from the last 50 cases in each series.
diovascular Surgery c Volume 147, Number 4 1153
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operations.11,12 However, these studies did not determine
when efficiency is first achieved.
Examination of the learning curve for proficiency should
have no direct bearing on whether surgeons are competent
to perform complex operations independently. Regulatory
organizations and individual hospitals set the necessary
standards and render decisions about an individual
surgeon’s qualifications. The importance of assessing the
time course for developing proficiency lies in identifying
resource expenditures that professional mentorship
requires, the potential need for institutional oversight
because of possible safety concerns, and the evaluation of
the role of simulation training in shortening the learning
curve. It is often the custom in group practices to have a
senior surgeon monitor the performance of a newly finished
trainee who has joined the group to ensure that their new
colleague has a safe initial experience. Few partners would
predict that such monitoring may need to last for years
rather than months. The surgeons involved in this
study had no VATS mentorship available as their level of
expertise developed; the presence of mentorship may
substantially shorten the time and case load required to
achieve proficiency.
Believing that physicians just out of training or who are
beginning to perform new procedures will likely be merely
competent and have a higher risk of complications and
other adverse outcomes,13 malpractice insurers may want
to know for how long such additional risk exposure exists.
Simulation may be able to replace some of the case numbers
required to achieve proficiency in a complex operation, but
this requires that the simulation environment have high
fidelity and be challenging, constantly testing the learner’s
growing cognitive and technical skills.14 Such training for
VATS lobectomy has yet to be developed.
Study Limitations
There are a number of potential drawbacks to this study.
The use of data from a small number of surgeons limits the
application of our findings to a general population of
learners, but this approach has been the standard for assess-
ing learning curves in a series of publications, including a
number of recent reports.9-11,15,16 The use of data from
different continents and cultures created potentially
important differences between the patient groups,
including preoperative risk factors and perioperative
management algorithms. How these might have affected
the study results is unknown. Finally, there is no clear
definition of proficiency that can be translated into
clinical research terms. For this study, we focused on
efficiency and consistency, but other factors such as1154 The Journal of Thoracic and Cardiovascular Surquality improvement and cost containment may be
reasonable study end points.
CONCLUSIONS
Achieving proficiency in performing VATS lobectomy
seems to require more than 100 cases of personal
experience to develop efficiency, and attaining consistency
requires 200 or more cases. Further evaluation of the time
course required to achieve proficiency could provide insight
into the underlying costs of a surgeon’s post-training
clinical development and might suggest methods that could
help shorten the learning curve.References
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